Abstract. This paper deals with an improvement and an assessment of a polymeric macro-fibers adhesion to the cement matrix. For this purpose, two approaches were employed -(i) roughening of fibers using a plasma treatment and (ii) an addition of finely ground recycled concrete (amount 30 wt. %) to the matrix ensuring the roughness of interfacial zones. Polyethylene terephthalate (PET) and polypropylene (PP) fibers, both ca. 0.3 mm in a diameter, were used. These were surface roughened using a cold oxygen plasma treatment and then observed by means of the scanning electron microscopy. Consequently, pull-out tests of an individual fiber embedded 25 mm in the matrix were performed, while the force needed for fiber pullout was recorded. Results have shown that plasma treated fibers reached on a better adhesion with the matrix by up to ca. 5 % (PET) and 20 % (PP), if compared to reference fibers. When recycled concrete was used, the adhesion increased further by about 5-10 % for both fiber types.
Introduction
It is widely known that waste production shows an unsustainable trend in global scale. This also hold true for the construction industry. It is reported that global production of construction demolition waste ranges from 3 to 10 billion tonnes per year of which 3.5 million tonnes in the Czech Republic. These basic data provide the sufficient proof of why it is necessary to deal with the reduction of waste and its re-use. Therefore, a law on a total ban on landfilling of inert waste with effect from 2024 was ready within the European Union [1] . It is therefore necessary to find new efficient solutions for the reprocessing of construction waste including concrete from demolished buildings [2] .
In civil engineering praxis, waste concrete is crushed and aggregate is then separated and re-used within production of new concrete mixtures. But the question of the use of dust emerging during crushing and grinding processes arises [3] . Such dust may contain up to 10 % of un-hydrated cement grains [4] . These can be exposed and isolated from dust using a highspeed milling [5] . It is possible to use such obtained material as replacement of cement at the form of socalled active micro aggregate. It is appropriate for production of lightweight concrete blocks, mortars, etc. [4] [5] [6] . However, the potential of this material is still limited due to particles different thickness and size and presence of various impurities [4, 7, 8] .
Some researches tried to use finely ground recycled concrete for filling of pores in various cement-based composites. Individual particles can fill also spaces in interfacial zones in fibrous composite materials and thus contribute to the better adhesion between reinforcing fibers and the matrix [9, 10] . Unfortunately, such phenomenon has not been so far clearly explained, tested and described. Therefore, we tested the adhesion between smooth and roughened fibers and the cement matrix containing finely ground recycled concrete by means of pull out tests of individual fibers from specimens made from both matrices.
Materials

Fibers
Two types of polymeric macro-fibers were used: (i) polyethylene terephthalate (PET) and (ii) polypropylene (PP). These were made by the Czech manufacturer Spokar (Plc). Both types were surface treated using cold oxygen plasma to roughen and to activate their surface. This process has been described in more details in our previous study [11] . Fibers are further marked as follows: PP and PET, reference; PP-T and PET-T, treated. The basic geometric and mechanical properties of fibers are summarized in Table 1 .
Cement and finely ground recycled concrete
Two different types of matrices were made. The first one was composed only from Portland cement (CEM I 42.5 R) with water to cement ratio (w/c) equal to 0.4 (marked CEM), while the second one contained finely ground recycled concrete in amount of 30 % of weight of cement (marked REC), water to binder Table 1 . Basic geometric and mechanical properties of fibers [12] .
(w/b = w/(CEM+REC)) was increased to 0.41 (increased due to the high specific surface area of recycled concrete). Waste recycled concrete used in this study, originated from railway sleepers, was ground using high-speed milling technology with maximum grain size of 0.25 mm. The hardening and curing of all test produced specimens took place in standard laboratory conditions for 28 days.
Experimental Methods
Scanning electron microscopy
Morphology of fibers was observed using the Merlin Zeiss scanning electron microscopy device. In order to perform this analysis, it was necessary to provide sufficient electrical conductivity of the fiber surface. Therefore, all tested fibers were coated by a thin layer of gold using the BOC Edward Scancoats Six machine. Process parameters were: 1.3 kV voltage, 35 mA electric current, and 40 s plating time. It was assumed that such a treatment had not any effect on physical properties of fiber surfaces.
Pull-out tests
Prismatic samples having dimensions of 25 × 20 × 25 mm were made from both types of matrices. The single fiber was always placed in the center of the specimen with a embedded length equal to the prism height, i.e. 25 mm. An illustrative specimen is shown in Figure 1 . Pull-out tests were performed 28 days after hardening and curing of mixtures. In the first place, each tested sample was clamped into the static jaw of the hydraulic loading frame (Web Tiv Ravestein FP100). Secondly, the free end of the fiber was clamped into the opposite sliding jaw of the press. Finally, the fiber was gradually pulled out from the sample at a constant rate of 2 mm/min. During the process, the free-end displacement and resisting force were measured. The loading process was terminated when the displacement reached 5 mm. Such obtained data were evaluated using the DiPro software based on the MatLab software. The adhesion between the two materials was then expressed by interfacial shear stress (1) and (2), which is commonly used in the field of fiber reinforced composites because it provides values normalized to the fiber surface area. The stress was calculated in two stages: after reaching a fiber free-end pull out of 3.5 mm (hereinafter referred to as "3.5") and when the measured force achieved on its maximum (denoted by the "MAX" index). 
F 3.5 and F max represent the force necessary to reach the 3.5 mm fibers free-end displacement and the maximal reached force, respectively. C f is a fiber circumference and l e is the embedded fiber length.
Results
Scanning electron microscopy
A scanning electron microscopy image of the reference PET fiber (Figure 2 ) revealed its smooth surface, which is very inappropriate from the mechanical point of view. Compared to that, the same fiber after 120 seconds of the plasma treatment was already gently roughened by irregular holes, as shown in Figure 2 . This desirable morphology change was caused by surface etching and the ion bombardment. It should be noted that the roughening of the treated fibers surface was observed only after 120 seconds. If the fibers were exposed to plasma for shorten time, there were no visible changes on their surface.
Similarly to PET fibers, the surface of reference PP fibers was too smooth, except for longitudinal profiling apparently originates from production technology (stretching process), as shown in Figure 3 . After 120 seconds lasting modification, minor changes -longitudinal recesses along the length of the fiberin morphology were observed, see Figure 3 . It can be assumed that these tiny morphology changes will not affect the adhesion of fibers to the matrix. Extending the exposure time would certainly increase the effect of roughening, but cross-section of fibers significantly decreases.
Pull-out tests
Based on pull-out test results, it can be observed that the highest value of the interfacial shear stress was recorded in the case of plasma modified PP fibers in combination with the matrix containing finely ground recycled concrete (REC). As shown in Figure 5 , the interfacial shear stress at maximum force was about 0.45 MPa and 0.38 MPa at the 3.5 mm fibers free-end displacement, respectively. In the case of cementitious matrix with same fibers, results were as follows: ca. 0.4 resp. 0.34 MPa. Furthermore, it should be noted that for untreated fibers, values of the interfacial shear stress with respect to the matrix used did not differ substantially.
In the case of PET fibers, the same trend as for PP fibers mentioned above can be observed, but only with significantly smaller differences, see Figure 4 . Unlike the assumption, it has been found that the adhesion between reference PET fibers in combination with the matrix containing recyclate (REC) was a little bit worse than between same fibers and the matrix containing only cement (CEM). The maximum interfacial shear stress dropped from ca. 0.31 MPa (CEM) to 0.28 MPa (REC) and at the 3.5 mm displacement from 0.31 to 0.3 MPa. Nevertheless, in the case of the use of plasma treated fibers, the adhesion was increased, especially in combination with the matrix containing recycled concrete. The maximum shear stress was increased by ca. 5-10 % up to ca. 0.33 MPa.
To sum up, it can be stated that the use of finely ground recycled concrete as a partial cement additive can improve the adhesion between polymeric fibers and the cement-based matrix, but only in the case of the use of plasma treated fibers. In the case of reference fibers with a smooth surface, the use of recycled material appears to be ineffective. Thus, physical interaction between fine particles of the recycled material and the plasma-roughened fiber surface plays a significant role in achieving the desired increase in the adhesion between the fiber and the matrix.
Conclusion
This study researched the adhesion between polymeric macro fibers (polyethylene terephthalate and polypropylene), having ca. 0.3 mm in the diameter, and two types of cement matrices. The reference matrix was composed of cement (CEM I 42.5 R, w/c 0.4), while in the second case, 30 wt. % of cement was replaced with recycled concrete at the form of finely ground powder. In order to roughen fiber surfaces and thus to ensure the adhesion between them and the matrix, fibers were treated by cold oxygen plasma. Changes on fiber surfaces were observed using the SEM microscopy. Interaction between the two materials was assessed directly by means of the single fiber pull-out test from matrix specimens (25 × 20 × 25 mm). It was shown that the surface roughening of PP fibers was much more intensive than in case of PET fibers. Pull-out tests revealed that the adhesion between PP and PET fibers and the cement matrix was constant regardless to the fiber treatment. Similarly, when these fibers were pulled out from the matrix containing finely ground concrete powder, the adhesion was not increased, if compared to reference materials. On the other hand, treated fibers (both PP and PET) showed significantly increased adhesion with the matrix containing recycled concrete. This phenomenon was attributed to fiber roughening and to working of recycled concrete grains in interfacial zones. 
